contact with water where epidemiologic evidence implicates water as the probable source of the illness. Between 1971 and 2000, there were 1,010 reported waterborne disease outbreaks, corresponding to 594,340 cases of illness (Wang, 2003) . A majority of outbreaks (513; 51%) and cases of illness (505,189; 85%) were caused by pathogenic bacteria, viruses, or protozoa. Fecal bacteria excreted by humans, domestic animals, and wildlife can enter natural water sources with stormwater runoff, from inadequate sanitary facilities, and through direct deposition. Curriero et al. (2001) found that more than half the waterborne disease outbreaks in the U.S. in the past 50 years were preceded by heavy rainfall.
An excessive quantity of fecal bacteria in surface water increases the risk of bacteria−induced illness to humans (Frenzel and Couvillion, 2002) . Payment et al. (2000) found that the occurrence of pathogenic microorganisms (human enteric virus, Cryptosporidium, and Giardia) in the Saint Lawrence River in Canada was significantly correlated with bacterial indicators (total coliform, fecal coliform, and Clostridium perfringens). A fecal coliform concentration of 200 colony−forming units (cfu) per 100 mL of water was established as a water−quality standard by the Federal Water Pollution Control Administration of the Department of the Interior in 1968 (USEPA, 1986) . More recent research, however, demonstrated that fecal coliforms had less correlation to swimming−associated gastroenteritis than the other two common indicator bacteria (Escherichia coli and enterococci), prompting a shift in the recommended indicator organisms (USEPA, 1998 (USEPA, , 2002 . F Nationwide, a total of 7,800 stream segments have been reported with bacteria impairments, each requiring development and implementation of a pollutant−specific Total Maximum Daily Load (TMDL) to meet the water−quality standard for bacteria in their respective states (USEPA, 2005a) . The TMDL program, which is mandated by the Clean Water Act (33 U.S.C. § § 1251−1387), is a watershed management process that integrates watershed planning and remediation with water quality assessment and protection. For the USEPA to approve a TMDL, all major point and nonpoint sources of the offending pollutant(s) must be identified and quantified. Developing a TMDL involves a study that quantifies the pollutant contribution from each source (or source category in the case of nonpoint−source pollution) and determines the pollutant reduction from each source required to meet applicable state water−quality standards. Hydrologic and water−quality models are often used to determine the pollutant reduction from each source needed to meet applicable state water−quality standards.
This article is one of a special collection of TMDL modeling−related article published by ASABE . The objectives of this article are:
S To present an overview of the sources, fate, and transport of bacteria in the environment. S To describe the models currently used to develop bacteria−impairment TMDLs and discuss their strengths and weaknesses. S To present case studies demonstrating the use of the models. S To describe research needed to advance the science for developing bacteria−impairment TMDLs.
BACTERIA WATER−QUALITY STANDARDS BRIEF BACKGROUND
Water−quality standards include water−quality criteria designed to protect the quality of water bodies for specific designated uses. A water−quality criterion is a numeric or narrative measure of a pollutant that is deemed acceptable for the designated use of the water body (USEPA, 2005b) . For bacteria, the criterion typically is the concentration of one or more bacteria species that are indicative of the presence of pathogens. The designated uses that relate to bacteria and pathogens include drinking water, recreation, and fishing.
Because drinking water is treated before being distributed, and because treatment to eliminate bacteria (fecal coliform, E. coli, and enterococci) has been shown to be effective in controlling pathogens, there are currently no surface waters listed as impaired for violating drinking water criteria. Waters designated for "primary contact" recreational use are subject to the most stringent indicator bacteria standards, and thus are the most likely to be listed as impaired. Since the majority of recreational activity occurs only during fair weather, many states include a temporal component in their bacteria standards.
INDICATOR ORGANISMS
A water−quality indicator organism is one whose presence, absence, or population density is related to the risks of illness to the users of the water. Epidemiological studies have been conducted to determine which organisms are good indicators of illness risk and to establish what concentration levels are safe.
Total coliform, fecal coliform, fecal streptococci, enterococci, and E. coli bacteria are common indicator species used to identify the potential presence of pathogens. Ideally, indicators for pathogens exist in much greater concentrations, exhibit similar die−off and re−growth patterns, and are associated with the same sources (Moore et al., 1982) . The first indicator used to test for contamination of drinking water by human waste was total coliform. Since specific pathogens are very difficult to collect and culture, the total coliform group was initially chosen as an indicator because it was easy to detect, simple to culture, and typically is associated with fecal contamination from warm−blooded animals (Larsen et al., 1994) . However, total coliforms include numerous organisms present in non−fecal sources, making this indicator group too broad to be a reliable indicator of fecal pathogens (Rosen, 2000) .
Fecal coliforms are a subgroup of total coliforms that originate specifically from the intestinal tracts of warm− blooded animals. Fecal coliforms are the predominant indicator used to assess human health hazards in streams (Rosen, 2000) , but E. coli and enterococci are thought to have a higher degree of association with outbreaks of gastrointestinal illness (USEPA, 1986) . E. coli is a member of the fecal coliform group and includes the toxin−producing O157:H7 strain. Enterococci is a subgroup of fecal streptococci that belongs to the genus Streptococcus and differs from fecal coliforms in that enterococci are less numerous in feces, are not known to reproduce in the environment, and are more resistant to environmental stress (Maier et al., 2000) .
BACTERIA FATE AND TRANSPORT
A process−based approach to modeling fecal bacteria fate and transport in a watershed considers release from manure, overland transport with water and sediment, in−stream transport, infiltration into soil, transport in the vadose zone and groundwater, and die−off and growth throughout the storage and transport processes. Simulated fecal bacteria fate and transport are dependent on simulated water and sediment transport processes. As such, current models have adapted existing hydrologic and erosion models as vehicles for bacteria fate and transport calculations. The two models commonly used for watershed−scale bacterial fate and transport in the U.S. are Hydrological Simulation Program− FORTRAN (HSPF; Bicknell et al., 1997) and the Soil and Water Assessment Tool (SWAT; Sadeghi and Arnold, 2002) .
RELEASE FROM MANURE
SWAT uses a linear relationship to simulate release of manure−borne microorganisms:
while HSPF employs an exponential relationship given by equation 2:
where D M R is the amount of bacteria released during time interval D t during the runoff event (cfu), M s is the amount of bacteria in the manure storage layer of the soil at the beginning of time interval D t (cfu), D Q is runoff yield per D t interval (cm), and k 1 and k 2 are release−rate constants (cm −1 ).
Release parameters are often related to land use (VDEQ, 2003) . Other factors influencing bacteria release from manure include manure age (Springer et al., 1983; Thelin and Gifford, 1983) , application methods (Soupir et al., 2006; Drapcho and Hubbs, 2003) , model scale (Guber et al., 2005; Shelton et al., 2003) , and storm duration and timing (Guber et al., 2005) . Vadas et al. (2004) suggested using the power−law relationship for the amount of phosphorus released from manure. When applied to bacteria, this equation becomes:
where M m is the amount of bacteria in surface−applied manure before the runoff event (cfu), Q is runoff depth (cm), M d is dry mass of applied manure (g cm −2 ), ρ w is density of water (g cm −3 ), and a and b are dimensionless fitting parameters. Guber et al. (2005) applied the model of Bradford and Schijven (2002) and obtained:
where k 3 and b are dimensionless fitting parameters.
PARTITIONING AND ADSORPTION
Fecal bacteria are partitioned into soluble and sorbed phases during their initial release from manure, overland and subsurface transport, and stream and bed transport (Sadeghi and Arnold, 2002; Bicknell et al., 1997) . The models SWAT and HSPF assume a linear partitioning relationship:
where S is the adsorbed bacteria density (cfu g −1 ), C is the bacteria concentration in solution (cfu mL −1 ), and K d is the linear partitioning coefficient (mL g −1 ). Several kinetic adsorption−desorption equations have been used to simulate bacteria transport at the soil−pore scale (Bengtsson and Lindquist, 1995; Murphy and Ginn, 2000) but have not found application at the watershed scale. Relatively little is known about the factors influencing adsorption parameter values. The literature contains values of the E. coli K d varying from 2 × 10 −1 to 2 × 10 3 mL g −1 . Clay content is thought to be the leading factor affecting K d (Hagedorn et al., 1978) , although relationships between K d and clay content have large uncertainty (Bengtsson, 1989) . Other factors influencing bacterial attachment to soil include soil hydrophobicity (Lindqvist and Bengtsson, 1991) , presence of other bacteria (Marshall et al., 1971) , ions (Gilbert et al., 1976; Tay et al., 1994; Gannon et al., 1991; Jackson et al., 1994) , and electrostatic interactions (Sharma et al., 1985) . Recently, Guber et al. (2005) showed that the presence of manure particulates drastically changes E. coli adsorption to soils.
SURVIVAL
Chick's law (eq. 6) is used in both SWAT and HSPF to describe the survival of E. coli and fecal coliform in stored manure, soil, land−applied manure, streams, and groundwater over time:
where N is the number of indicator bacteria at time t (cfu), N 0 is the original number of indicator bacteria (cfu), m is the die−off rate constant (h −1 ), and t is time (h). The die−off rates of fecal coliforms and E. coli in soil are affected by many factors. An increase in moisture content causes a decrease in die−off rate constants (Reddy et al., 1981; Mubiru et al., 2000) . High soil pH increases die−off (Gerba et al., 1975; Ellis and McCalla, 1976) , with pH of 6 to 7 being the most favorable for bacterial survival (Cuthbert et al., 1955; Reddy et al., 1981) . Unc and Goss (2006) found that type of manure affects survival. In HSPF and SWAT, however, temperature is the only environmental variable that is used to modify die−off:
where m 20 is the die−off rate at 20°C (h −1 ), q is the unitless temperature correction parameter for the first−order decay, and T is the temperature (°C). While the value of q is relatively constant with a value around 1.07 in all four environments of interest, namely, stored manure, soil, land−applied manure, and streams, the value of m 20 varies considerably (Crane and Moore, 1986) . A review by Crane and Moore (1986) found m values ranging from 0.1 to 2 d −1 in soils. Temperature varied among the experiments reviewed in this work. The wide range of values is an indication that there may be limited applicability in using a single die−off parameter (m) modified only by temperature to describe actual data on survival. Experimental data on manure−borne E. coli indicate that die−off rarely follows Chick's law. Most field experiments show that, like bacterial growth, die−off also occurs in phases. These phases differ with the physical location of the bacteria, suspended (planktonic), attached, or resuspended after being attached to soil. Additional research is needed to identify and define bacteria die−off phases and develop models to describe die−off under a variety of conditions.
TRANSPORT
The mass flux of water−borne indicator bacteria along overland transport pathways is currently simulated assuming that bacteria are dissolved constituents. The algorithm used for bacteria mass flux in SWAT and HSPF is purely advective:
where q is bacterial flux per unit cross−sectional area (cfu cm −2 h −1 ), v is flow velocity (cm h −1 ), and C is bacteria concentration (cfu cm −3 ). The possible effect of dispersion is typically taken into account in overland modeling at the hillslope scale and in groundwater modeling. Experiments on bacteria transport in soils and groundwater usually conclude that bacteria move in the subsurface and that temporal or permanent water saturation allows indicator bacteria to move quite far along preferential pathways (Jamieson et al., 2002 , Ferguson et al., 2003 , Tyrrel and Quinton, 2003 . On the surface, transport in rills may move larger amounts of bacteria when compared to overland sheet flow. At the same time, surface microponds provide an accumulating capacity that has a limited exchange with the fast−moving water in rills. Manure−borne organisms are released with manure particulates that may serve as carriers and provide nutrients for indicator organisms. Observations of concurrent transport of manure particulate matter and indicator bacteria show that manure particulates seem to facilitate bacteria transport (Shelton et al., 2002; Guber et al., 2005) . Standards, 1998; Yagow, 2001; Geldreich, 1978; USEPA, 2003; NCSU, 1994 Horses ASAE Standards, 1998; USEPA, 2003; Geldreich, 1978 Swine ASAE Standards, 1998 Geldreich, 1978 Sheep and goats ASAE Standards, 1998; USEPA, 2003; Geldreich, 1978 Poultry ASAE Standards, 1998 Geldreich, 1978; Hartel et al., 2000; Pope and Cherry, 2000 Wildlife [b] Deposition on land, deposition in streams, residential storm runoff [a] Cited references have information on either the daily production of bacteria from each source or the concentration of bacteria in feces for each source. [b] Actual counts of wildlife populations are often not obtained for TMDL studies. Rather, an estimate is used of bacteria concentrations observed flowing from a "pristine" location, or bacteria production is extrapolated based on the bacteria production of a dominant source, such as deer, and the relative weights and population sizes of other expected wildlife populations.
CURRENT TECHNOLOGY AND MODELING TOOLS
BACTERIA IMPAIRMENT TMDLS: SOURCE CHARACTERIZATION Sources considered in TMDL development vary considerably according to the characteristics of the watershed for which the TMDL is being developed. A survey of 19 bacteria TMDL reports from across the U.S. showed four general sources considered in almost every case: failing or inadequate septic systems or other home−based wastewater treatment systems, wildlife, livestock, and improperly managed permitted facilities (table 1). Sources found more commonly in urban areas were pets, urban stormwater runoff, combined or sanitary sewer overflows, leaky sewer lines, and illicit sewer connections. A TMDL from Washington State considered seals as a potential bacteria source (Joy, 2004) .
Four of the TMDLs considered contributions from humans directly defecating on the ground or in the stream, by either homeless individuals or recreational users.
Quantifying Source Contributions
TMDL developers draw upon numerous information sources to characterize bacteria sources and develop model inputs. The types of information gathered generally include hydrography, land use and cover, human demographics, agriculture production, and wildlife habitats (table 2). The information is often available in a GIS format but may also come from experts, government personnel, or local residents. The U.S. Environmental Protection Agency (USEPA) has assembled data sets based on 8−digit hydrologic unit areas nationwide in its Better Assessment Science Integrating Point and Nonpoint Sources (BASINS) modeling system (USEPA, 2001), but more detailed local data are often needed. Many Federal, state, and local government personnel are critical sources of information for items ranging from wildlife habitat and population densities to permitted facilities (discharges and animal production) and the extent of sewered areas (Parajuli et al., 2005) . Local input from watershed stakeholders is often the most important source of information and can provide critical feedback to refine estimates. Information from local residents can be obtained through stakeholder meetings, mail surveys, phone conversations, or other personal contact.
Tools to Quantify Source Contributions
Two spreadsheet−based tools, the Bacteria Indicator Tool (BIT) and the Bacteria Source Load Calculator (BSLC), are available to aid in the compilation of bacteria information. Both tools organize the various bacteria source inputs distributed throughout a watershed, require user input of animal populations, calculate the production of bacteria within the watershed based on literature values for bacteria production and management practices, and generate bacteria loads for use in a watershed model. The BIT (USEPA, 2000) is used as a companion to BASINS and allows inputs of many animal types, including a generic livestock and a generic wildlife type to represent animals not accounted for in the spreadsheet, for up to ten subwatersheds. Quantities of bacteria loading are generated from the tool and can be transferred to HSPF input files after additional processing. The BSLC ) also allows inputs of many animal types and land use information for up to 20 subwatersheds. The bacteria loadings calculated by either tool could be reformatted to provide inputs necessary for different watershed models.
COMPARISON OF MODELS AND METHODS USED TO DEVELOP BACTERIA−IMPAIRMENT TMDLS
Comparisons of the approach, assumptions, and capabilities of existing water−quality assessment models have been recently published (Borah and Bera, 2003; Neilson et al., 2003) . It was found that every model has its strengths and weaknesses, and the choice of model should depend on several factors, including: (1) scientific and modeling background of the model user; (2) time and cost associated with data pre−processing, running the model, and data post−processing; and (3) informational needs of watershed stakeholders. However, the primary criterion typically considered in model selection is in−house expertise, which dramatically lowers modeling costs.What follows is a summary comparison of the models and methods used to develop bacteria−impairment TMDLs.
BACTERIA−MODELING CAPABILITIES OF HSPF
HSPF is a watershed−scale, process−oriented, lumped− parameter model designed to allow continuous simulation of hydrology and water quality (for both pollutant loading and in−stream processes). HSPF represents spatial variability by dividing the watershed into hydrologically homogenous land segments. HSPF simulates hydrology and water−quality processes occurring on pervious areas, impervious areas, and in reaches or reservoirs.
Source Inputs
Bacteria nonpoint−source (NPS) loads to the land surface are estimated outside HSPF and then input using parameter values equivalent to a monthly load. This load can be unique for each pervious or impervious land segment. Typically, a pervious land segment represents a unique land use in a unique subwatershed, and impervious land segments are commonly aggregated by land use and are given the same loading for each subwatershed. However, the user may create as many unique pervious or impervious land segments (with unique bacteria loadings) as needed within the computational limitations of HSPF. Direct bacteria loads (e.g., loads deposited directly into the stream by cattle and wildlife and permitted or non−permitted discharges) are input using a time series and are associated with a particular reach or reservoir in the model. Two model parameters define groundwater and interflow bacteria concentrations; these two concentrations can vary monthly but are typically constant throughout the year for each unique pervious land segment.
Die−Off
Bacteria die−off on the land surface is indirectly represented via a limit on surface accumulation. Given Chick's law (eq. 6) and a constant daily load to the land surface, the total amount of bacteria on the land surface will reach an asymptotic limit. This limit, calculated from a known or estimated die−off rate, defines the limit of surface accumulation. The limit value can be specified on a monthly basis and independently for each land segment in HSPF. In−stream die−off is modeled using a temperature−corrected first−order decay function, Chick's law (eq. 6).
Release and Transport
A user−defined parameter sets the rate of runoff needed to wash off 90% of bacteria load on land surface. As typically applied, HSPF provides no provision for partitioning bacteria between attached and suspended phases. Released bacteria are modeled in overland runoff, in the stream, and in groundwater as suspended or planktonic constituents.
BMPs
Best management practices (BMPs) can be represented in a simple fashion by a percent removal of bacteria in the best management practice evaluation (BMPRAC) module of HSPF. Reduction factors specified in this module are multiplied by the bacteria output from the area impacted by the BMP. For example, a reduction factor could be applied to bacteria losses from a pervious area with a BMP, such as pasture with improved grazing. More complex BMPs or systems of BMPs can be directly simulated, but doing so is complicated and requires specific expertise (Donigian et al., 1991) .
BACTERIA−MODELING CAPABILITIES OF SWAT
SWAT is a watershed−scale, process−oriented, lumped− parameter model that allows continuous simulation to predict the impact of land use and land management practices on water quantity and quality (Arnold and Fohrer, 2005) . Runoff, leaching, and pollutant loadings are estimated separately for each hydrologic response unit (HRU), which represents a unique combination of soil, land use, and topography in each subwatershed. Flows and pollutant loads are routed through the watershed's stream network to obtain total water and pollutant yields.
Source Inputs
Management practices and bacteria inputs are specified for each HRU. Animal manure or organic fertilizer can be applied to the land surface. For each animal manure or organic fertilizer, the initial bacteria concentrations are specified in counts per kilogram of dry matter for two types of bacteria: persistent and less persistent (with shorter half−life). Bacteria in the top 10 mm of soil are partitioned into bacteria in soil solution and bacteria adsorbed to soil particles.
Die−Off
Bacteria are assumed to die off according to Chick's law. The overall rate of bacteria loss is equal to the die−off rate less the re−growth rate. Different die−off rates are specified for bacteria present on foliage, in soil solution, and adsorbed to soil particles (Mancini, 1978) . Die−off rates are also specified for persistent and less persistent bacteria in streams and reservoirs. Die−off rates are independent of bacteria source and are adjusted for temperature.
Release and Transport
The release of bacteria in SWAT mimics processes that are used for phosphorous (eq. 3). A user−defined fraction of bacteria that lands on foliage due to manure application washes off when daily precipitation is greater than 2.54 mm and lands on the soil, where it is combined with the bacteria in soil solution. If runoff occurs, bacteria concentrations in overland flow are calculated based on the runoff volume, bacteria available in soil solution, soil bulk density, and a bacteria runoff partitioning coefficient: the ratio of the soil−solution bacteria concentration in the top 10 mm of soil to the bacteria concentration in surface runoff. This coefficient is constant for all bacteria regardless of source. Bacteria below the top 10 mm of soil are assumed to stay in the soil profile. Bacteria adsorbed to soil particles can move when there is soil erosion. The bacteria that move with soil particles are calculated with a loading function (McElroy et al., 1976; Williams and Haan, 1978) that considers the concentration of bacteria adsorbed to sediment in the top 10 mm of soil, the sediment yield, and a bacteria enrichment ratio calculated using a relationship developed by Menzel (1980) .
BMPs
BMPs are individually specified and simulated. The bacteria−related BMPs that can be simulated by SWAT are composting, intensive grazing, sewage treatment, edge−of− field filters, catchment ponds, and manure incorporation.
LOAD−DURATION METHOD
The load−duration method has been used in Kansas to display TMDL limits for daily bacterial loads over the range of flows seen at specific stream locations and to determine the hydrologic conditions under which any violations of those limits tend to occur (Stiles, 2001 (Stiles, , 2002 . The first step in this method is to establish an upper−bound daily bacterial load for a given stream location, typically obtained by multiplying a target TMDL bacterial concentration (e.g., 200 cfu 100 mL −1 ) by historic daily flow rates. The resulting daily maximum bacterial loads are plotted over the range of historic streamflows, expressed as daily streamflow excee− dance percentages. The resulting line represents the TMDL as the upper−bound of daily bacterial loads (cfu day −1 ). The period of record of daily flows used to construct the load duration curve may be chosen to account for long−term flow conditions or to coincide with the period of record for available water−quality data. The second step is to compare measured bacterial loads to the frequency−based limits. In−stream bacterial concentrations are measured and converted to daily bacterial loads using measured, modeled, or estimated daily streamflow values. The daily bacterial load is plotted at the corresponding daily streamflow exceedance percentage associated with the flow occurring on the day of sampling, and then compared to the allowable bacterial loading line. Bacterial loads that are plotted above the upper− bound TMDL line are exceedances of the water−quality criterion.
Graphical presentation of the bacterial loads together with the hydrologic flow conditions (expressed as exceedance values) provides a context for interpreting the bacterial data. Bacterial load exceedances that occur at low−flow conditions suggest different sources (e.g., point−source discharges) and remediation methods (e.g., disinfection) than exceedances at moderate− or high−flow conditions, suggestive of wet− weather sources (combined sewer overflows or runoff from livestock grazing areas). Because this method uses measured in−stream bacterial concentrations, it inherently accounts for appropriate watershed and in−stream bacterial processes. Use of measured in−stream data makes the estimates specific to the given watershed, stream, season, and hydrologic condition for which the samples were collected.
CASE STUDIES HSPF CASE STUDY: MILL CREEK BACTERIA IMPAIRMENT TMDL STUDY

Watershed Description
Mill Creek is a small watershed (33.3 km 2 ) located in Page County, Virginia ( fig. 1 ). Mill Creek is located in a rolling valley between two mountain ranges. Land uses in Mill Creek include pasture (70%), forest (19%), residential (6%), and cropland (5%).
Water−Quality Impairment
Fifty−one percent of the water−quality samples collected in Mill Creek from December 1991 to June 1997 violated the freshwater single−sample water−quality criterion for fecal coliform: 1,000 cfu per 100 mL. Since this violation rate was greater than the allowable 10% exceedance rate used for assessing noncompliance, Mill Creek was listed for a bacteria impairment on Virginia's 1998 303(d) impaired waters list. A TMDL to address the bacteria impairment was developed in 2005 by the Center for TMDL and Watershed Studies at Virginia Tech . Due to a change in state water−quality standards in 2002 (9VAC25−260−170), the Mill Creek TMDL was developed to meet a new E. coli standard, which specifies that the calendar−month geometric mean concentration of E. coli shall not exceed 126 cfu 100 mL −1 and that no single sample may exceed a concentration of 235 cfu 100 mL −1 .
Sources of Bacteria
The bacteria load in the Mill Creek watershed was dominated by agricultural NPS: loads to pasture from livestock, applied manure, and wildlife (95.8%); loads to cropland from applied manure and wildlife (1.1%); and loads to hay land from applied manure and wildlife (0.96%). A significant bacteria load also came from cattle (0.3%) and wildlife (0.03%) directly depositing feces in Mill Creek and its tributaries. Non−agricultural NPSs of bacteria loadings included sanitary sewer overflows (SSOs) (0.01%), household straight pipes (0.003%), and residential loads from failing septic systems and pet waste (1.2%). Although the land−deposited load in upland areas was much greater than in−stream deposition, several factors impacted the amount of bacteria from upland areas that reached Mill Creek. Watershed modeling was performed as part of this TMDL study to consider the effect of these factors when estimating fecal coliform loads to the receiving waters.
Watershed Modeling
HSPF was used to simulate the fate and transport of fecal coliform bacteria in the Mill Creek watershed. HSPF allows model output to be generated at multiple locations in the watershed, allowing some degree of spatial heterogeneity in simulation. Mill Creek was divided into seven subwatersheds for modeling purposes ( fig. 1) .
HSPF relies heavily on empirical relationships and must be calibrated. As often occurs in TMDL studies, Mill Creek did not have any flow data available for calibration. Therefore, calibrated hydrologic parameter values from a neighboring watershed, Hawksbill Creek (GMU and Tetra Tech, 2004) , were applied to Mill Creek. The resulting hydrologic model was then calibrated for water quality using observed fecal coliform data collected in Mill Creek. For the water−quality simulation, bacteria inputs from loads applied to the land surface were distributed monthly using the Bacteria Source Load Calculator (BSLC) . The BSLC was also used to generate hourly loads directly deposited to streams. HSPF allows input of land loads as a monthly variable and direct stream loads as an hourly variable. In Mill Creek, as with many small, upland watersheds, HSPF does a poor job of simulating bacteria concentrations at very low stages where, realistically, water tends to collect in pools, and no connected flow occurs. The solution to this problem for Mill Creek was a calibration step that reduced direct deposits by three orders of magnitude when the stream stage fell below 7.6 cm.
A significant permanent drop in observed fecal coliform concentrations occurred in 1998. This drop was due to the closing of a moderate−sized (200 head) dairy operation. Although it is possible to represent land use and bacteria loading changes in HSPF in the midst of a simulation period, this is difficult to implement. Therefore, to appropriately represent the conditions in the watershed, the Mill Creek water−quality calibration was divided into two periods (December 1991 (December −1997 (December and 1999 (December −2000 with the difference in the periods being the number of animals present in the The meteorological period of 1990−2002 was used for the generation of existing condition and allocation scenarios. During this representative period, modeling indicated that 41% of the mean daily in−stream bacteria concentration came from cattle direct deposits to the stream, 52% came from upland pervious areas during runoff events, 5% came from wildlife direct deposits to the stream, and 2% came from other sources.
TMDL Allocation
The objective of the TMDL study for Mill Creek was to determine the TMDL bacteria load and the corresponding point− and nonpoint−source load reductions needed to meet state water−quality standards. A series of allocation scenarios that reduced the amount of bacteria applied to the land surface or directly deposited in the stream were simulated until a suitable allocation scenario was found that resulted in zero violations of the state's single−sample and geometric mean numeric criteria (table 3) .
Scenario 1 in table 3 shows that violations of the single−sample criterion cannot be eliminated even with a 100% reduction from all non−wildlife bacteria sources. Scenario 2 eliminates all violations of both criteria but would require a 40% reduction in land−deposited wildlife loads, which are exempted under current state guidelines.
During the summer months, when cattle spend more time in the stream and flows are lower, there is minimal dilution for direct in−stream deposits, leading to violations of the geometric mean standard for bacteria. During rainfall events, the large NPS loadings from upland areas become a major periodic influence on in−stream concentrations, driving the single−sample violations. As no violations of either standard are allowed for the successful allocation scenario, large reductions in both upland loadings and in−stream loadings are typically required in bacteria TMDLs in Virginia. The Mill Creek bacteria impairment TMDL is 8.51 × 10 13 cfu year −1 E. coli. The TMDL includes an implicit margin of safety developed through a conservative calibration of water−quality parameter values. Given that there were no point sources identified in the watershed, the 8.51 × 10 13 cfu year −1 E. coli is also the TMDL load allocation (NPSs only).
Strengths and Weaknesses
Although HSPF is a lumped parameter model, its ability to divide a watershed into reaches is a strength that allows some degree of spatial heterogeneity in simulation. This feature also allows model output to be generated at multiple locations in the watershed. This is particularly useful in a watershed such as Mill Creek, where multiple water−quality monitoring stations exist within the watershed ( fig. 1) . The spatial heterogeneity allows bacteria loads to be appropriately distributed throughout the watershed. Additionally, monthly input of bacteria−related parameters permits temporally variable bacteria loadings, allowing the user to represent management practices and migratory behavior. The ability of HSPF to accept hourly loads directly deposited in the stream allows representation of diurnal behavior (e.g., animals that might be housed in a barn at night). Although not used in this study, HSPF's SPEC−ACTIONS block allows a wide range of customization of almost all parameters in the model. HSPF relies heavily on empirical relationships and must be calibrated. This is a weakness of the model in representing ungauged watersheds such as Mill Creek. In such a case, surrogate parameters from a similar watershed must be used to define the hydrology of the watershed of interest, and these parameters may or may not be adequate. Another limitation of the model is its representation of bacteria concentrations at extremely low flows. At the lowest flows (at or near 0 m 3 s −1 ), predicted bacteria concentrations will output an error value (−1E+30). Just above zero flow, concentrations become unrealistically large. The user must take steps to prevent or address this weakness for small upland watersheds such as Mill Creek. Although SPEC−ACTIONS can be used to address such problems, and is in one sense a strength of HSPF, it is also a weakness because the use of SPEC−AC-TIONS for this or other customizations (such as the detailed description of BMPs) is not straightforward.
Bacteria loads to HSPF must be calculated externally to the model, often with the aid of a program such as the BSLC or the BIT. The detail required to use these tools encourages modelers to interact closely with stakeholders and agency personnel to completely describe the watershed in question during a TMDL study. The collected watershed details are used both in modeling and in the writing of the report, and provide significant information when developing implementation plans. [b] Loads to agricultural land segments originate from livestock.
[c] PLS = pervious land segment (e.g., pasture, cropland, forest). [d] Loads to residential land segments originate from humans and pets.
[e] ILS = impervious land segment (e.g., sidewalk, pavement). [f] Loads to forest land segments originate from wildlife.
[g] Successful TMDL allocation scenario (results in zero violations of applicable water−quality standard criteria).thank
SWAT CASE STUDY: SHOAL CREEK FECAL COLIFORM TMDL Watershed Description
The Shoal Creek watershed covers 367 km 2 in southwest Missouri ( fig. 3) . Ninety percent is comprised of pastures grazed by cattle and fertilized by poultry litter; the remainder is forested. The watershed is located in a region of karst hydrology with features such as springs, sinkholes, and losing streams. All rural citizens in the watershed use septic systems. A 21.6 km long segment of Shoal Creek is designated impaired due to high fecal coliform concentrations.
Water−Quality Impairment
Fecal coliform concentrations were monitored from June 2001 through October 2003, with weekly sampling during the recreation season (April to October) and monthly sampling during the rest of the monitoring period. The geometric mean concentration of samples collected during the recreation season violated the water−quality criterion of 200 cfu 100 mL −1 , and 30% of the samples exceeded the single−sample fecal coliform criterion of 400 cfu 100 mL −1 .
Sources of Bacteria
Given the rural nature of the watershed, the following sources were considered when characterizing bacteria loading in the watershed: septic tanks and illegal connections, poultry litter, grazing cattle, and wildlife. Bacteria source tracking was accomplished by DNA fingerprinting using the rep−PCR method (Carson et al., 2003; Dombek et al., 2000) . Results were examined according to season and as a function of flow. Bacteria source tracking indicated that nearly 50% of fecal pollution was attributed to cattle during summer and 25% during winter. The combined contribution from poultry, horse, and dog varied between 13% and 18% of total pollution. Human contribution ranged between 11% and 21%. Cattle manure and poultry litter used as fertilizer were associated with high fecal coliform counts recorded during storms. Human and wildlife sources were more prominent during winter. Additional monitoring of a spring showed that groundwater is an important transport mechanism for bacteria moving from the ground surface to the stream. 
Watershed Modeling
The Shoal Creek watershed model was developed using SWAT2000 and the AVS2000 Arc View interface (Baffaut, 2004) . GIS data include a 30 m resolution digital elevation map, a 30 m resolution Soil Survey Geographic (SSURGO) soil map with SSURGO soil characteristics, and 30 m resolution land use and land cover map. Soil parameters for complex soils were derived as a weighted average of the soil components. Climatic parameters were obtained from two local weather stations. The watershed was divided into 11 subwatersheds in order to uniquely characterize each tributary. This discretization allowed specification of poultry litter application rates that reflected the density of poultry operations and the quantity of available pasture acres in each subwatershed.
Information on management practices in the watershed was gathered during meetings with a watershed steering committee. A panel of producers provided information on the type and timing of operations performed on the pasture areas. Rotation management on pasture areas included grazing and resting periods, hay harvest, and poultry litter and nitrogen applications. Grazing densities and durations were adjusted between different pasture grades to account for all the cattle in the watershed, the acres available for grazing, and the seasonal fescue growth rates. Poultry litter was applied on the pastures between February and March at rates proportional to the amount of litter available in the subwatershed. Deer were set to graze in forest land at densities estimated from annual kill numbers.
Cattle were simulated as contributing a portion of their bacteria loads directly to streams. These amounts were estimated from the number of cattle with access to streams and the fraction of their daily waste deposited in the stream. Septic tanks for housing units located within 90 m of a stream were also regarded as direct discharges, while other septic tanks were not considered to be contributing sources. A new version of the SWAT model has an option to represent septic tanks as a daily fertilizer application over a given duration (e.g., Pradhan et al., 2005) .
The irrigation of land with effluent from a poultry processing plant was simulated as continuous irrigation along with a modification of the code to specify the bacteria concentration of this special irrigation water.
The model was calibrated based on more than two years of daily flow values measured at a flow gauge located in the middle of the watershed. The flow measurements were made over two time periods with a one−year interruption in between. The calibration was performed manually by adjusting one parameter at a time, running the model, and then evaluating the model results with visual comparison of the hydrographs and five calibration criteria: average annual flow, daily and monthly correlation coefficients, and daily Model parameters related to bacteria were adjusted on the basis of concentration frequency curves (fig. 4) . Only the simulated values for the days when a sample was collected were considered. The waste directly deposited in the streams (cattle and septic tanks) was adjusted by fitting bacteria concentration during base−flow conditions. Two series of measurements taken at two stream locations were used to calculate an average stream die−off coefficient of 2.01 days −1 .
TMDL Allocation
Once calibrated, the model was used to calculate the contribution from each source of bacteria, how often the stream was out of compliance, and the in−stream load. In order to evaluate load reduction options, the following BMPs were simulated: edge−of−field buffers to reduce NPS loading to the streams, stream exclusion fencing to reduce direct deposits from cattle, and elimination of illegal septic discharges through enforcement, education, and septic tank pumping. Several scenarios specifying different levels of bacteria source reduction were run in order to assess which suite of management practices would lead the stream meeting the applicable state water−quality criteria, which specify that the 30−day geometric mean concentration of fecal coliform shall not exceed 200 cfu 100 mL −1 and that fewer than 10% of the samples may exceed a concentration of 400 cfu 100 mL −1 (table 5) .
None of the scenarios met both criteria. Scenarios 3 and 4 met the single−sample water−quality criterion but not the geometric mean criterion. The recommendation was to first address the contamination from human sources because it presents the largest health danger to humans, then to eliminate cattle from the streams by providing alternative drinking sources and shaded areas, and finally to implement buffers and filter strips. Fencing was not recommended because of its limited attractiveness to producers and the potential for fences washing out during flood events. A last possibility not addressed in the TMDL was to compost the poultry litter to reduce its bacterial load or to transport it out of the watershed. This alternative was not favored by the steering committee at the time because alternative fertilizers would have to be purchased to sustain grazing densities.
The Shoal Creek bacteria−impairment TMDL is 2.75 × 10 11 fecal coliform cfu day −1 . The TMDL includes both an implicit margin of safety developed through a conservative calibration of hydrologic parameter values and an explicit margin of safety of 1.75 × 10 11 cfu day −1 that takes into account the natural variation of the flows caused by climatic variability. One small permitted source is allocated a load of 4.54 × 10 8 cfu day −1 .
Strengths and Weaknesses
The representation of management practices in SWAT provided a simple method to release bacteria in and on the soil and in the water. It allowed the specification of each source within the individual management operations. A weakness of the model was the representation of the ground− water processes in a karst environment. During the dry spell of 2001, the flows of Shoal Creek were sustained by the groundwater flow, which was difficult to simulate with SWAT. SWAT assumed no transport of bacteria through the soil profile and with groundwater. While a point discharge can have a bacterial load associated to it, groundwater was assumed to be free of bacteria, which was not verified by monitoring. However, the processes that control bacteria survival and movement in the soil and in groundwater need to be better understood before they can be modeled and incorporated in a watershed−scale NPS model.
The Shoal Creek SWAT model developed for the purpose of calculating the TMDL provided a tool to investigate load allocation scenarios suggested by the watershed committee. More importantly, the TMDL process provided education and communication opportunities between the watershed stakeholders and the modelers. As management information and feedback was provided by producers, scientific and technical information was presented by modelers. The development of the model provided the basis for these exchanges because of the information that the modeling exercise requires and provides. Stakeholders who were part of the watershed committee became very involved in a watershed group that was formed to address TMDL implementation, the next step in the TMDL process.
LOAD−DURATION CASE STUDY: KANSAS RIVER AT LECOMPTON
Watershed Description
The Kansas River, in northeast Kansas, drains 151,400 km 2 at Lecompton, of which 86% is regulated by six federal reservoirs, leaving approximately 21,000 km 2 of uncontrolled drainage contributing to flow. The land use is predominantly an agricultural mix of cropland and grazing lands, with a few major cities dotting the length of the river. The major discharger to the river is Topeka, located 31 km above Lecompton. Until 2003, wastewater from Topeka was not disinfected.
Water−Quality Impairment
Fecal coliform bacteria samples have been taken from a monitoring site at Lecompton since 1985, typically on a bimonthly schedule. The 1998 303(d) list of impaired waters included the Kansas River at this location because of sufficient frequency of violations over the primary recreation criterion of 200 cfu 100 mL −1 and the secondary criterion of 2000 cfu 100 mL −1 , applicable from November to March. The USGS also maintains a long−term gauging station at this location, measuring streamflow continuously.
River Analysis and TMDL Application
The load−duration method was applied to the watershed draining to the Kansas River at Lecompton. Fecal coliform bacterial TMDL limit lines for this stream segment were set at 200 cfu 100 mL −1 for primary contact recreation and 2000 cfu 100 mL −1 for secondary contact recreation, shown as continuous lines in figure 5 . Comparison of the daily sampled bacterial loads to the upper−bound TMDL limit lines ( fig. 5) shows that exceedances of both primary and secondary contact criteria occurred during all hydrologic flow conditions prior to establishing the TMDL in 1999. This load− duration curve demonstrated contributions of both point sources (during low−flow, high exceedance−percentage conditions) and nonpoint sources (during higher−flow conditions). Initial (2000 Initial ( −2002 post−TMDL loads show some improvement at lower flows, possibly reflecting pervasive drought conditions, but continued exceedances occurred during runoff events. After upgrades in late 2002 to Topeka's major wastewater treatment plant, located above the monitoring station, fewer exceedances were observed during low−flow conditions as a result of wastewater disinfection, although exceedances remained for the high−flow conditions. Hence, further efforts to reduce bacterial loads in this watershed should focus on abating NPS bacterial sources. The method also indicates compliance with criteria for bacteria water quality during lower flows when in−stream recreation is more likely.
Strengths and Weaknesses
The load−duration method provides a rapid, visual assessment of water−quality conditions and their underlying flow conditions. A quantitative expression of permissible bacteria loading can be obtained by integrating the area under the TMDL curve. A quantified estimate of current condition loading could be obtained by developing a regression line of bacteria loads based on flow exceedance percentage. Comparison of the regression line with the TMDL can provide an estimate of necessary load reduction to achieve water−quality standards and the hydrologic conditions to be targeted for management. The method also provides a baseline against which post−TMDL conditions may be compared in order to evaluate the effectiveness of implementation activities in abating bacteria loads. The method is weak in delineating the transition between point−source and NPS loadings. As a result, derivation of the necessary wasteload allocations and load allocations is somewhat arbitrary. In addition, load−duration curves present the integrated response from the entire watershed above the monitoring station, but provide no information on loading and sources within the watershed. Therefore, the load−duration curve is a good representation of overall water quality and necessary improvement, but intra−watershed contributions must be determined through supplemental sampling upstream or through simulation modeling relating land use and hydrologic response to bacterial loadings.
RESEARCH NEEDS IMPROVED SOURCE CHARACTERIZATION
Although bacteria concentrations in feces and some animal habitat and behavioral information can be gleaned from the literature, this type of information is scarce. As was mentioned in a footnote to table 1, wildlife populations used when developing bacteria−impairment TMDLs are often estimated indirectly. Much of the information on bacteria density in feces reported in the literature is not the focus of the reported research and thus has not undergone thorough peer review. The source characterization process for bacteria impairment TMDLs would benefit from research specifically focused on collecting behavior pattern, habitat, and population density data and determining accurate estimates of species−specific bacteria production and variability. Behavior pattern research should include investigation of the fraction of time spent in the water, changes in behavior patterns with changes in flow, and preferential defecation locations. A further investigation into the relationships between fecal bacteria content and latitude, elevation, diet, and water source for all species (human, livestock, and wildlife) would also provide valuable information for source characterization during development of bacteria−impairment TMDLs.
Except for intensive field inventories, methods to determine the number of failing septic systems or straight pipes in a watershed are somewhat subjective. A statistical evaluation of domestic sewage systems throughout the nation might provide more realistic and defensible estimates of these human sources. Factors in such an evaluation might include income levels, education, age of communities, type of soil, and physiographic region.
MODELING ADVANCES
Considering the state of current bacteria models, we have identified four major categories of improvements or modifications: (1) better representation of bacteria life cycle and processes; (2) inclusion of more appropriate fate and transport processes (e.g., sorption and release on land and in water, preferential flow); (3) incorporation of procedures to improve simulation of catastrophic conditions, or rare events; and (4) creation of a decision support tool (DST) to aid users in selecting an appropriate model or method to fit their circumstances and meet their objectives.
There are several key processes in existing models that should be improved to increase our understanding of bacteria fate and transport. These processes can be grouped into three general categories: sediment−attached bacteria and corresponding deposition, resuspension, and partitioning; die−off and re−growth of bacteria; and non−linearity of bacteria fate and transport. In−stream bacterial populations have been shown to increase by nearly a factor of 400 after agitation of stream channel sediment (DeGuise and Mostaghimi, 2000) , indicating that stream sediment is a reservoir of bacteria. Processes such as settling, re−suspension, and resettling need to be incorporated into existing models. The partitioning of bacteria among vegetation, sediment−attached, free−associated, and microbial slime pools needs to be better understood and simulated. The effect of soil texture and the presence of manure or other nutrient sources on partitioning also need to be quantified (Mankin et al., 2006b) . Research is also needed to establish settling and re−suspension rates of bacteria transported in overland flow.
Bacteria are living organisms and their survival needs to be better quantified in models. Estimates of bacteria densities "as excreted" often do not accurately reflect the amount of bacteria available to be transported by runoff events; bacteria populations undergo a dramatic decrease of nearly two orders of magnitude between manure storage and field application (DeGuise and Mostaghimi, 2000) . At the same time, a substantial re−growth of bacteria populations has been observed following land application of manure or deposition by livestock (Crane et al., 1980; Wang et al., 2004 ) and needs to be quantified. More accurate relationships are also needed to describe the effects of manure incorporation on bacteria survival and transport.
It is critical to better understand how the nonlinearities observed in release, retention, and transport of bacteria manifest themselves at finer scales to be able to accurately represent bacteria behavior at the watershed scale. Furthermore, watershed−scale models have difficulty simulating spatially and temporally rare events. An effort is needed to incorporate a probabilistic description of rare events into models of coarse scale. Current watershed−scale models predict bacteria loads proportional to the average water flow and bacteria concentration. In actuality, a wide distribution of runoff velocities and flows exists throughout the watershed. As a result, some bacteria are transported to the stream much earlier or much later than average runoff flow rates suggest.
A DST would be useful for both new and existing modelers in selecting appropriate models for simulating bacteria fate and transport. This DST might include questions such as: (1) Despite the large number of field−scale studies attempting to quantify the concentrations and loads of fecal bacteria in runoff from agricultural lands (Crowther et al., 2002; Edwards et al., 1994; Edwards et al., 2000; Khaleel et al., 1980; Mankin et al., 2006a; Schepers and Doran, 1980; Soupir et al., 2006; Tian et al., 2002) , our understanding of natural variability and factors influencing microbial transport is still rudimentary (Jamieson et al., 2004) . Pathogens or indicator organisms on the land surface may contaminate surface waters through movement with surface runoff (either attached to sediment and organic particles or in the planktonic state) and groundwater through downward leaching with infiltrating water (Reddy et al., 1981) . Often, infiltration into the soil has not been monitored, and partitioning between attached and planktonic forms during surface runoff has not been considered. The three commonly observed patterns of indicator bacteria die−off are first−order decay, bacteria growth followed by first−order decay, and first−order decay with variable die−off rates (Crane and Moore, 1986; Mancini, 1978) . Since very little is actually known about the individual influences and interactions between the many parameters affecting die−off, first−order decay is most often used to express bacterial die−off. However, researchers are finding that improved equations are needed to better capture the bacterial survival dynamics for extended periods (Wang et al., 2004; Mankin et al., 2006b) .
Most current models completely ignore the subsurface transport of bacteria (Jamieson et al., 2004) and typically simulate bacterial transport to surface waters as a dissolved pollutant (Paul et al., 2004) . The interactions between bacteria and sediment particles during overland flow events have received little attention. Previous studies have determined that fecal bacteria preferentially attach to particulate matter (Auer and Niehaus, 1993; Henry, 2004; Ling et al., 2002) ; however, it is unknown if this attachment occurs on the land, during runoff events, or during in−stream processes. SWAT is the only watershed−scale NPS model that attempts to partition between the planktonic and attached phases, but reliable data on bacteria partitioning are currently not available (Jamieson et al., 2004) .
STOCHASTIC MODELING APPROACHES
Inclusion of stochastic modeling approaches in the development of TMDLs would provide regulators and stakeholders with additional alternatives, such as the ability to incorporate risk−based analysis in conjunction with allocation scenarios. Currently, most TMDLs established through modeling are derived based on a deterministic approach. Deterministic models use fixed input parameters to predict an outcome. Given the same input parameters and boundary conditions, a deterministic model will always predict the same outcome. This approach is very limiting considering all the uncertainties involved in the TMDL process. In addition, the risk posed to stakeholders is unknown, since an assessment of risk is not possible with only one time−series of bacteria concentrations. Both HSPF and SWAT are deterministic models. An alternative to the deterministic approach would be to incorporate stochastic methods in the modeling of the impaired waterbody.
Probabilistic or stochastic models use a statistical distribution of possible input parameters and boundary conditions and consequently result in a statistical distribution of possible outcomes. While a stochastic representation of all model inputs may not be possible in most cases, a subset of input parameters could be treated as random variables while others as constants. A simpler alternative is to hold all the input parameters constant and to perform Monte Carlo simulations (a commonly used stochastic technique) using randomly generated climate data. In all of these approaches, multiple time−series outputs are generated and can be used for relevant statistical analyses and risk analysis. This approach has not been used in studies on TMDL development to date, but it could be incorporated into the TMDL development process with further research and development of the needed tools. Shirmohammadi et al. (2006) address model uncertainty in greater detail in a companion article.
SUMMARY AND CONCLUSIONS
Fecal contamination of surface waters is a critical water− quality issue, leading to human illnesses and deaths. Total Maximum Daily Loads (TMDLs) for bacteria impairments often require the use of watershed modeling tools to assess bacteria impairments, define bacteria sources and loads, and guide remediation efforts. In this way, watershed models are widely used to support TMDLs, although their use for fecal bacteria simulation is somewhat rudimentary. This article presented an overview of the concepts, tools, and methods currently used to develop TMDLs for bacteria impairments. Two NPS watershed models (HSPF and SWAT) and the load−duration method were reviewed for use in setting target TMDL loads and were illustrated with case studies.
Both HSPF and SWAT permit the user to discretize the watershed spatially and to define bacteria loads temporally. However, the options and flexibilities are limited. The models are also limited in their ability to describe bacterial life cycles and their ability to adequately simulate bacteria concentrations during extreme climatic conditions. Even with their limitations, these models are beneficial in helping develop TMDLs because the source characterization activities needed to define inputs for the models provide educational opportunities for both stakeholders and modelers alike throughout the TMDL process. The load−duration method for developing TMDLs provides a good representation of overall water quality and needed water quality improvement, but intra−watershed contributions must be determined through supplemental sampling or through subsequent modeling relating land use and hydrologic response to bacterial concentrations.
Substantial additional research is needed to improve the methods and models used to develop bacteria−impairment TMDLs. Regardless of the tool or method used to develop these TMDLs, accurate characterization of bacteria sources and load quantification is needed. Improved source characterization needs include better estimates of animal populations, fecal production, indicator−bacteria density, indicator−bacteria release rates from feces, and indicator−bacteria survivability. Four major categories of improvements or modifications for models used in bacteria simulation were identified: (1) better representation of bacteria life cycle and processes; (2) inclusion of more appropriate fate and transport processes (e.g., sorption and release on land and in water); (3) incorporation of procedures to improve simulation of catastrophic conditions, or rare events; and (4) creation of a decision support tool (DST). In addition, the application of stochastic modeling approaches is needed to provide assessments of model uncertainties associated with simulated bacteria concentrations. Finally, continued research is needed to relate sources, fate, and transport of fecal pathogens to the more−common and readily modeled indicator bacteria. Such improvements would result in more−reliable, source−specific bacteria estimates that would allow watershed decision makers to optimize time, money, and effort invested in water−quality remediation and protection efforts.
